Ordos Basin is the second largest sedimentary basin in China with gigantically thick Paleozoic marine sedimentary strata. Geochemical analyses show that the carbon isotope compositions of the Ordovician are less influenced by postdepositional diagenesis and basically accordant with that of the global Ordovician. δ 13 C values range from Ϫ7.30‰ to 2.26‰ with a mean value of Ϫ0.30‰. Temporally, δ 13
INTRODUCTION
The Ordos Basin is located in the western part of North China Platform, extending to the Lüliang Mountain in the east, to the Qinling Mountain in the south, to the Helanshan Mountain in the west and to the Yinshan Mountain in the north. This region straddles across five provinces including Shanxi, Shaanxi, Gansu, Ningxia and Inner Mongolia, with an area of 320000km 2 ). Current regional structure in the Ordos Basin is relatively simple. Its inner part is quite stable while abundant faults are developed in its active margin (Fig. 1) . As the second largest sedimentary basin in China, the Ordos Basin is prolific in oil and natural gas resources, which distribute mainly in Mesozoic and Paleozoic, respectively. In 1989, the Central Gas Field (or called Jingbian Gas Field), the largest gas field in China, was discovered in the Ordovician in the central of Ordos Basin. The major gas beds are carbonate weathered crust of the fifth member of Majiagou Formation. For tectonic setting, it is located in the middle of Yishan Slope (Fig. 1 ). Up to now, the proven gasbearing area reaches 4000km 2 , and the gas in place exceeds 4000ϫ10 8 m 3 . Since the discovery of Central Gas Field, numerous studies have been carried out from different aspects and obtained many important results (Gao et al., 2009) . However, it is still in intense debate concerning the main source of Ordovician gas reservoir. One view is that the gas is mainly or completely coal-formed gas and originated from the Upper Paleozoic coal measure source rocks (Dai et al., 1999; Guan et al., 1993; Xia et al., 1999b; Yang et al., 2009; Zhang et al., 1993) , the other view is the gas is mainly self generated and self contained oil-type gas and originated from the Lower Paleozoic marine carbonate rocks (Chen, 1994 (Chen, , 2002 Hao et al., 1997; Hung et al., 1996; Wang et al., 2009) . One of the focus questions is the hydrocarbon generation potential of Ordovician marine carbonate rocks. The Ordovician Majiagou Formation marine carbonate rock, widely distributed in the central-eastern part of Ordos Basin, is unlikely to be a large-scale efficient gas source rock, because it is formed in a turbulence and rich-oxygen shallow carbonate platform and the low organic matter abundance resulted from this environment (Sun et al., 2008; Wang et al., 2009; Xia et al., 1999a; Yang et al., 2009; Sun et al., 2010) . Thereby, the Upper Ordovician Pingliang Formation in the southwestern margin of Ordos Basin caused wide attentions for its deep-water slope mudstones and marlstones. Many systematic investigation and assessment have been carried out on sedimentary environment, organic geochemistry and other aspects of the Pingliang Formation marine hydrocarbon source rocks (Chen et al., 2007; Liu et al., 2008; Sun et al., 2008; Xu and Wang, 2010) . However, the Pingliang Formation is various in lithology, thickness and maturity, and the sparse outcrop and drilling result in low understanding, in addition, the region is far away from current gas rich region, whether the Pingliang Formation is the main source rocks of Ordovician gas reservoir are still being questioned. Carbon isotope composition of carbonate can well reflect the ancient marine productivity and organic matter burial, which can be a geochemical index for the development of hydrocarbon source rocks in earth history (Hatch et al., 1987; Tenger et al., 2005; Wang et al., 1997; 2002) . Therefore, the main objective of this study is to investigate carbon isotope of Ordovician marine carbonates and evaluate their hydrocarbon generation potential from the point of carbon cycle, and provide new evidence for the Lower Paleozoic natural gas exploration in the Ordos Basin.
GEOLOGICAL SETTINGS
The Ordos Basin contains a gigantically thick sequence of the Early Paleozoic marine sediments, in particular of the whole Ordovician, and uniquely owns Late Ordovician strata within the North China. In the Early Paleozoic, the Ordos Basin was tectonically within an extension stage, as a basin of an epicontinental sea to epicontinental marginal sea constrained by the Qinqi Trough and Helan Aulacogen. The Ordovician strata, generally 300~1000m thick and locally up to 2000m thick, mainly expose in the margins of Ordos Basin, in the middle part of basin, it is covered by the Upper Paleozoic, Mesozoic and Cenozoic rocks (Feng et al., 1998) . Controlled by the North China Sea, Qinqi Sea and Central Paleouplift during the Ordovician, there formed three sedimentary sub-regions, including the western margin, southern margin and central-eastern part of the Ordos Basin. Divisions and correlation of the Ordovician stratigraphy in the Ordos Basin are shown in Table 1 . The Early Ordovician sediments only distribute in the eastern and southern margins of Ordos Basin. The Yeli Formation and Liangjiashan Formation comprise a series of argillaceous dolostones and siliceous dolostones, which are of restricted tidal flat deposits, reflecting an early transgression during the Ordovician. Till the Middle Ordovician, almost all of the Ordos Basin received sediments. In the central-eastern part of the Ordos Basin, the Majiagou Formation is formed by six lithological members. The first, third and fifth members mainly consist of dolostones, gyprocks and salt rocks interbedded with a few limestones, indicating a restricted platform to evaporite platform environment. In contrast, the second, fourth and sixth members are dominated by limestones and dolostones, indicative of an open platform condition. In the southern margin of the Ordos Basin, the Majiagou Formation is mainly composed of limestones and dolostones, with limited carbonate gravity flow deposits, implying an open platform to platform slope environment. Here, the Fengfeng Formation is compared to the sixth member of the Majiagou Formation of the central-eastern part. In the western margin of the Ordos Basin, the Sandaokan Formation is dominated by dolostones, limestones and sandstones; the Zhuozishan Formation predominantly consists of 
MATERIALS AND METHODS
Analyzed samples were taken from eleven Ordovician field sections in the Ordos Basin (Fig. 1) . To minimize bias of diagenetic alteration on the original stable isotope compositions of carbonates, which reflect that of ambient seawaters, we chose only fresh rocks, avoiding calcite vein and significant recrystallization and weathering of the rocks. As a result, a total of 202 samples were selected and analyzed. The fresh part of samples was taken and grinded into grain size of 74µm after checking into petrographic thin-sections, and then converted to carbon dioxide by phosphate method. Carbon and Oxygen isotope analyses were performed with the Finnigan MAT252 isotope ratio mass spectrometer. Precision was checked against the Chinese national carbonate standard GBW04405 and international standard NBS19. Standard deviation is 0.05‰ and 0.07‰ for δ 13 C and δ 18 O, respectively. Conversion to the international Peedee Belemnite (PDB) scale is based on the NBS19 standard. Mn and Sr contents were analyzed using ICP-AES and ICP-MS, giving an error of less than 2%. All measurements were carried out in the State Key Laboratory of Marine Geology, Tongji University.
Results of carbon and oxygen isotopes and Mn/Sr ratios of the Ordovician carbonates in the Ordos Basin are listed in Table 2 . Marine carbonate generally exchanges isotope composition during post-depositional diagenesis and lead to distinct drop in δ 13 C and δ 18 O value. As a consequent, carbonate often lost parts or the whole of signals of the original seawater isotope composition (Guerrera et al., 1997; Veizer and hoefs, 1976) . Hence, caution must be taken to use carbon and oxygen isotope of carbonate as indicator of the ancient ocean environment. Based on the identification of Mn/Sr ratios, δ
18 O values, correlation betweenδ 13 C and δ 18 O values and other methods (Derry et al., 1994; Kaufman et al., 1993; 1995; Qing and Veizer, 1994; Veizer et al., 1999; Bechtel et al., 2001) , it is suggest that carbon isotopes in our studied samples are less influenced by post-depositional diagenesis or alteration while oxygen isotopes may slightly deviate.
ENERGY EXPLORATION & EXPLOITATION · Volume 29 · Number 3 · 2011 271
Carbon isotope evidence for Ordovician marine hydrocarbon source rocks in Ordos Basin, North China Keith and Weber, 1964) .
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CARBON ISOTOPE COMPOSITION AND SEDIMENTARY EVOLUTION
Most of δ 13 C values of the Ordovician carbonates in the Ordos Basin are within the range of Ϫ2 ‰ ~2 ‰, with a mean value of Ϫ0.30 ‰, which is comparable with that of normal marine carbonate (Sun, 1996) . δ
18 O values mainly range from Ϫ8 ‰ to Ϫ4 ‰ with a mean value of Ϫ6.38 ‰. These δ 13 C and δ 18 O values are in consistency with those of the global Ordovician carbonates and brachiopods (Shields et al., 2003; Veizer et al., 1999) . But the isotopes of Ordovician carbonates in the Ordos Basin also show differences both spatially and temporally (Table 3) .
Spatially, the Ordovician carbon isotope compositions in the Ordos Basin distribute heterogeneously. There is a decreasing trend in δ 13 C, indicating shoaling of waterdepth from the western margin, to the southern margin and then to the eastern margin, which is supported by the sedimentary facies distribution. During the Ordovician, the Helan Aulacogen in the western margin of Ordos Basin was continuously extended associating with gradual deepened water-depth, and formed a suit sediments of open platform to deep-water slope even trough turbidites at the outside. In contrast, the central part of Ordos Basin is mainly evaporite platform or restricted platform deposit. Temporally, δ 13 C shows an overall increasing trend from the Early to Late Ordovician, with an obvious positive excursion between the Middle and Late Ordovician, indicated by increase of the mean value from Ϫ0.36 ‰ in the Majiagou Formation to 0.15 ‰ in the Pingliang Formation and up to 0.68 ‰ in the Beiguoshan Formation. The gradual increase of carbon isotopes implies a long-term of continuously deepening of water- Low negative values (δ 13 C <-3 ‰) are not calculated in mean value to avoid their influence of whole.
depth, which is also consistent with evolution of sedimentary facies. The variation of δ 13 C is clearly shown in Figure 2 . At the beginning of the Yeli Formation in the Early Ordovician, marine transgression began and followed by continuing regression until the Liangjiashan Formation, causing an unconformity between the Majiagou Formation and Liangjiashan Formation. During the Middle Ordovician, there is an overall increase trend though frequent oscillating in carbon isotope compositions, suggesting the oscillatory rise of the sea level. By the Kelimoli Formation and Fengfeng Formation, δ 13 C reached the peak value of the Majiagou Formation, indicating the culmination of sea level during the Ordovician. As a result, the central part of Ordos Basin almost deposited in an open platform facies. To the Late Ordovician, massive regression led to exposure of most of the Ordos Basin and only deposited in the southwestern margin, whereas δ 13 C displayed a positive excursion obviously.
PETROLEUM GEOLOGICAL SIGNIFICANCE
Natural carbon is basically stored in sedimentary carbonate reservoir and organic matter reservoir with a large difference in their carbon isotope composition, of which δ 13 C average is 0 ‰ and Ϫ25 ‰, respectively. Carbonate is enriched in 13 C while organic matter is enriched in 12 C. Undoubtedly, large-scale biological community change will impact on the carbon cycle in nature and then lead a fluctuating on carbon isotope composition of marine sedimentary carbonate. So, carbon isotopic fluctuation of carbonate not only reflects changes of marine environment but also reflects changes of migration and storage of organic matter, and has important petroleum geological significance. Carbon isotope of marine carbonate can approximately reflect the inorganic carbon isotope of ancient seawater. Productivity and organic carbon burial are two important influencing factors on carbon isotope of marine carbonate (Wu et al., 2010) . High productivity and rapid burying of organic carbon often indicates selective absorbing of light carbon isotope ( 12 C) in sedimentary organic matter. One of the results is that heavy carbon isotope ( 13 C) is relatively enriched in inorganic carbonate, causing relative high δ 13 C values, and vice versa. The positive excursion of δ 13 C in carbonate indicates relatively abundant inputs of organic matters to ocean sediments, suggesting higher productivity and better preservation of organic matters (Hatch et al., 1987; Li et al., 1999; Wang et al., 1997; 2002) . Therefore, δ 13 C could be used as a geochemical index for generation of hydrocarbon source rocks over the course of geological time (Tenger et al., 2005; Wang et al, 2002) . Moreover, in the Ordos Basin and Tarim Basin (Tenger et al., 2005; Zhang et al., 2006) , it was revealed that δ 13 C is closely related to total organic carbon content (TOC) of carbonates in the Lower Paleozoic. TOC-enriched strata often record relatively high δ 13 C values and significant variations in δ 13 C are usually concomitant with increases of TOC. According to TOC (Fig. 3) , the trend of TOC is basically consistent with that of carbon isotope in the Ordos Basin, both increased from the Early to Late Ordovician. Hereby, the implication of carbon isotopic fluctuation for development of hydrocarbon source rocks is obviously. The Central Gas Field is only discovery in the Lower Paleozoic gas exploration in the Ordos Bain. Now, the development of hydrocarbon source rocks becomes a key restrictive factor of the Lower Paleozoic natural gas exploration in the Ordos Basin. Generation of hydrocarbon source rocks is dependent of paleoclimate, paleostructure and paleoenvironment, of which sea level change and paleosedimentary environment specifically exert influence on development of organic-rich source rocks . Based on prevenient researches of the Majiagou Formation in the Ordos Basin (Xia et al., 1999a) , it was suggested that organic matter content in carbonate is strikingly controlled by sedimentary environment. For instance, the highest TOC (averaging 0.26%) are from carbonates deposited on continental slope, followed by an average value of 0.22% in gypsum lagoon, and 0.21% within gypsodolomitic flat, and then by 0.20% within open sea, dolomitic flat and beach. Considering with carbon isotopic distribution, it is unlikely to form a large-scale effective hydrocarbon source rock in the central-eastern part of Ordos Basin, because of its lower carbon isotope compositions and restricted platform or evaporite platform environment. However, it is also fortunately deposited better hydrocarbon source rocks in some regions or strata, such as gypsum lagoon in the central-eastern part of Ordos Basin. Salinity increase can lead a halocline in seawater and then form an anoxic environment in bottom water, and further avail to organic matter burial (Tenger et al., 2005) . A good example is the discovery of low yield natural gas in subsalt dolostone of the fifth member of Majiagou Formation in Longtan 1 well . Viewing from salinity, Z value is generally lower, and most samples has Z value smaller than 120 in the centraleastern part of Ordos Basin, indicating that this region was leached by the postdepositional fresh water , which has constructive significance for development of secondary dissolution pores and formation of good reservoir. By contraries, the southwestern margin of Ordos Basin has higher carbon isotope composition and develops deep-water slope sediment, which is a favorable region for generation of hydrocarbon source rocks. In addition, reef-bank facies sediment around the southwestern margin of carbonate platform is good reservoir.
ENERGY EXPLORATION & EXPLOITATION
In the Early and Middle Ordovician, the Ordos Basin is mainly located in carbonate platform with relative lower δ 13 C value and TOC, which is also impossibly to form regional effective hydrocarbon source rock. Then to the Kelimoli Formation and Fengfeng Formation at the end of Middle Ordovician, there is a visible positive excursion occurred in carbon isotope and δ 13 C values reached the maximum of the Majiagou Formation. Accordingly, the sea level rose the highest in Ordovician with open platform facies deposited in the central part and even deep-water slope facies deposited the southwestern margin of the Ordos Basin. Because of durative extending of the Helan Aulacogen in the west side, the western margin is relatively deeper in seawater and helpful for slope development than the southern margin of Ordos Basin. During sea level rise, organic productivity and organic carbon burial will be intensified. In Wuhai area in the western margin, average TOC in the Kelimoli Formation is 0.31% and up to 1.25% in shale layers, while it is 0.28% in the Fengfeng Formation in Xuntan 1 well in the southern margin of Ordos Basin (Tenger et al., 2005; . Thus, the Kelimoli Formation in the western margin should be an important hydrocarbon source rocks in the Lower Paleozoic in the Ordos Basin, in addition, the Fengfeng Formation in the southern margin also has a certain account of hydrocarbon generation potential when it was formed in inner platform depression and marginal carbonate slope.
In the Late Ordovician, massive regression led to exposure of most of the Ordos Basin with marine deposits only distributing in the southwestern margin. But continuing northward subduction of the Qinling Trough resulted in significant increase in waterdepth, which in turn weakened oxidation of the bottom water. In this more reductive environment, a large amount of organic carbon existed in organisms was well preserved in sediments, resulting in a positive δ 13 C excursion in sedimentary inorganic carbonates. The major fall of sea level in the Late Ordovician caused a decrease in accommodation spaces, in addition, increase of seawater depth led to a reduction of sedimentary rates. As a consequence, organic matters were highly concentrated within certain time and space, which is favorable to development of organic-rich source rocks. The positive δ 13 C excursion in the Late Ordovician in the southwestern margin of Ordos Basin indicates higher productivity and organic carbon burial, which is also recorded by higher organic carbon abundance (Chen et al., 2007; Tenger et al., 2005; . For example, average TOC in the Pingliang Formation is 0.3% in limestones and up to 0.9% in shales, and it is 0.59% in the Wulalike Formation. Comparatively, it is higher in the Beiguoshan Formation with an average TOC of 0.93% (Fig. 3) . During the Late Ordovician, the southwestern margin of Ordos Basin is located in the deep-water continental slope or basin, and developed black graptolite shale facies sediments, which is also advantageous for forming of organic-rich source rocks. Therefore, the Pingliang Formation, Wulalike Formation and Beiguoshan Formation in the southwestern margin are the most important and efficient hydrocarbon source rocks in the Lower Paleozoic in the Ordos Basin. Significantly, besides recognized marine hydrocarbon source rocks in the Pingliang Formation and Wulalike Formation, the Beiguoshan Formation has clearly higher TOC and δ
13
C values, showing a better hydrocarbon generation potential. Although its distribution range is more limited than that of the Pingliang Formation, the Beiguoshan Formation should be given more necessary attentions in future natural gas exploration.
The Upper Ordovician shales and marlstones in the southwestern margin, with the thickness over one hundred meters and high organic matter abundance, are high quality marine source rocks in Ordos Basin. Meanwhile, the Middle Ordovician Majiagou Formation carbonates, widely distributed in whole basin and altered by more than one hundred million years of weathering, provide good reservoir space for gas. Moreover, the Upper Paleozoic Carboniferous -Permian extensive mudstones formed regional cap rocks. All of this indicates a great exploration potential in the Lower Paleozoic in the Ordos Basin. Although it is uncertain of whether oil and gas can hurdle the Central Paleouplift and accumulate in the middle of basin by longdistance migration, the Central Paleouplift undoubtedly controls the Lower Paleozoic source rock generation, reservoir development and hydrocarbon migration. On the west side of Central Paleouplift, Dingbian -Etuokeqi area has considerable dolostones with good reservoir properties in the Fourth member of Majiagou Formation, and the Kelimoli Formation is the main horizon of weathering crust with abundant dissolution pores and cracks. In addition, this area is close to the Wulalike Formation and Kelimoli Formation source rocks and has well developed source-reservoir-cap assemblage. So, it is a favorable area for gas exploration in the Lower Paleozoic. Similarly, Linyou -Tongchuan area, located on the south side of Central Paleouplift, has reef-bank facies sediment in the Upper Ordovician Pingliang Formation, which can form good carbonate reservoir through post-depositional dolomitisation, weathering or leaching alteration. The Pingliang Formation and Beiguoshan Formation mudstone is both nice hydrocarbon source rock and cap rock. Therefore, this area also has great exploration potential in future.
CONCLUSIONS
(1) Carbon isotope compositions of the Ordovician carbonates in the Ordos Basin are less influenced by post-depositional diagenesis and basically accordant with that of the global Ordovician. δ 13 C values are gradually increased from the Early to Late Ordovician with a significant positive excursion between the Middle and Late Ordovician. The trend of sea level change reflected by carbon isotope composition is consistent with the evolution of sedimentary facies.
(2) The positive carbon isotope excursion indicates higher productivity and organic carbon burial, which can consider as a geochemical index for generation of hydrocarbon source rocks. It is suggested that the central-eastern part of Ordos Basin is unlikely to form a large-scale efficient hydrocarbon source rocks. The Upper Ordovician Pingliang Formation, Wulalike Formation and Beiguoshan Formation in the southwestern margin are the most important and efficient hydrocarbon source rocks in the Lower Paleozoic in the Ordos Basin. In addition, the Middle Ordovician Kelimoli Formation in the western margin is another important source rocks, and the Fengfeng Formation in the southern margin also has a certain account of hydrocarbon generation potential. (3) The southwestern margin of Ordos Basin has well developed source-reservoir-cap assemblage. Dingbian -Etuokeqi area on the west side of Central Paleouplift, with nicer source rocks and reservoirs, is a favorable area for gas exploration in the Lower Paleozoic in the Ordos Basin. Similarly, on the south side of Central Paleouplift, Linyou -Tongchuan area also has great exploration potential because of abundant reef-bank facies sediment.
